Introduction
In vertebrates, organ development, homeostasis, and repair rely on properly perfused blood vessel networks. The first blood vessels in the embryo are assembled from single-cell precursors, which coalesce into a honeycomb-shaped vascular plexus in a process known as vasculogenesis. 1 This primitive plexus then expands through sprouting and remodeling to supply all tissues and organs in a mechanism termed angiogenesis.
1 Angiogenesis is normally quiescent in adults but can be reactivated, for example during tissue repair in wound healing, in ischemic eye disease, or during solid tumor growth. 2 Angiogenesis depends on the vascular endothelial growth factor (VEGF)-A, which binds several different receptors on endothelial cells. 1, 3 The tyrosine kinase receptor VEGFR2, also known as FLK1 in mouse and KDR in humans, is the main signal transducing VEGF-A receptor in endothelial cells; it stimulates endothelial cell proliferation and migration through a plethora of downstream signaling events, and loss of VEGFR2 therefore halts blood vessel formation by vasculogenesis early during embryogenesis. 4 After vasculogenesis, VEGFR2 promotes angiogenesis by acting in the specialized endothelial tip cells that head vascular sprouts and extend filopodia to sense growth factor gradients composed of VEGF-A isoforms with different matrix affinities. 5, 6 Consistent with an important role for VEGFR2 in endothelial guidance, high levels of VEGFR2 confer a competitive advantage to endothelial cells as they negotiate the tip cell position with their neighboring cells. 7 In cultured human endothelial cells, VEGFR2 forms complexes with NRP1, a nontyrosine kinase receptor for the VEGF165 isoform of VEGF-A. 8, 9 Complex formation is thought to promote VEGF165 signaling through VEGFR2 and activate signaling pathways involved in cell migration and angiogenic sprout formation. [8] [9] [10] [11] The VEGF165-mediated interaction between NRP1 and VEGFR2 may occur when both receptors are coexpressed on the same endothelial cell or on neighboring endothelial cells (homotypic interaction). 9 Alternatively, NRP1 may be expressed on nonendothelial cells that interact with VEGFR2-expressing endothelial cells (heterotypic interaction). For example, it has been proposed that endothelial VEGFR2 interacts with tumor cell NRP1 in trans to stimulate VEGFR2 phosphorylation. 9 Consistent with the idea of heterotypic roles for NRP1 in angiogenesis, treatment with a soluble dimerized form of NRP1 can rescue defective vascular outgrowth from paraaortic splanchnopleural explants of NRP1-deficient mouse embryos in vitro. 12 However, the relevance of nonendothelial NRP1 for angiogenesis in vivo was not established in these studies.
In the mouse, NRP1 overexpression leads to the formation of excess blood vessels that are leaky and hemorrhagic, causing lethality by embryonic day (E) 17.5. 13 Vice versa, the targeted disruption of Nrp1 in mice reduces blood vessel growth and causes embryonic death even earlier, between E10.5 and E14.5, depending on the genetic background. [14] [15] [16] Vascular defects are particularly severe in the brain and spinal cord. 14, 17 Accordingly, the developing nervous system provides a good model to study NRP1 function in angiogenesis. Strikingly, NRP1 is expressed not only by endothelial cells in the brain, but also by the neural progenitors that secrete VEGF-A to promote vessel sprouting into the brain [18] [19] [20] and regulate angiogenesis via expression of beta-8 integrin. 21 Moreover, NRP1 is expressed by proangiogenic tissue macrophages that are the precursors of brain microglia. 18 Together, these observations raise the possibility that heterotypic trans interactions of NRP1 with endothelial molecules such as VEGFR2 contribute to brain angiogenesis, as proposed for tumor angiogenesis.
Here, we have used Cre/Lox recombination to show that loss of NRP1 expression from proangiogenic macrophages or neural progenitors does not perturb brain vascularization, ruling out an essential role for nonendothelial NRP1 in this process. In contrast, targeting of conditional Nrp1-null alleles in endothelial cells with constitutively active or tamoxifen-inducible CRE recombinase confirmed a cell autonomous role for NRP1 in endothelial cells and further demonstrated that NRP1 confers a selective advantage to endothelial cells competing for the tip cell position in vessel sprouts. Thus, recombination-resistant cells in endothelial Nrp1-null mutants preferentially adopted the tip cell position and partially rescued the angiogenic defects observed in full Nrp1 knockouts. We conclude that NRP1 promotes endothelial tip cell function during sprouting angiogenesis.
Materials and Methods

Mouse strains
All animal procedures were performed in accordance with institutional and UK Home Office guidelines. Mice were mated in the evening, and the morning of vaginal plug formation was counted as embryonic day (E) 0.5. To delete NRP1 in selected cell types, we mated conditional Nrp1-null (floxed) mice (Nrp1 fl/fl ) 22 to mice carrying one complete Nrp1 allele (Nrp1
together with one of the following transgenes: Tie2-Cre, 24 Nes-Cre, 25 Csf1r-iCre, 26 and Pdgfb-iCreER-Egfp 27 with codon-improved Cre, or Cdh5(PAC)-CreER (referred to briefly as Cdh5-CreER).
28 For tamoxifen-induced, Cre-mediated recombination of floxed target genes, 4-hydroxytamoxifen (4-OHT, Sigma, St. Louis, MO) was dissolved in absolute ethanol at 50 mg/mL, diluted in peanut oil to 5 mg/mL, and then administered via intraperitoneal injection into pregnant dams on day E9.5 (1 mg for Pdgfb-iCreER-Egfp, 2 mg for Cdh5-CreER). Mice containing the floxed Rosa26 Yfp reporter have been described previously. 29 Genotyping protocols can be supplied on request.
Immunolabeling and imaging
The following primary antibodies were used: rat anti-PECAM (BD Biosciences, Oxford, UK), rabbit anti-GFP (MBL International, Woburn, MA), rabbit anti-IBA1 (Wako Chemicals, Richmond, VA), rat anti-F4/80 (ABD Serotec, Kidlington, UK), goat anti-rat NRP1, anti-VEGFR2, and anti-TIE2 (R&D Systems, Minneapolis, MN). Secondary antibodies used included Alexa-conjugated goat anti-rat or anti-rabbit IgG (Life Technologies, Carlsbad, CA), and Cy3-or Alexa647-conjugated rabbit anti-goat Fab fragments (Jackson ImmunoResearch, West Grove, PA). In some experiments, anti-PECAM was detected by horseradish peroxidase-conjugated rabbit anti-rat IgG (DAKO UK, Ely, UK). To detect blood vessels, we also used biotinylated isolectin B4 (IB4; Sigma) followed by Alexa-conjugated streptavidin (Life Technologies 
Quantification and statistical analysis
Vascular branchpoints at E12.5 were counted in three randomly chosen 0.25-mm 2 regions per PECAM-labeled hindbrain and then averaged to obtain a value for each hindbrain. Recombination-resistant endothelial tip and stalk cells or NRP1-positive macrophages were counted in two randomly chosen 0.85-mm 2 or 0.07-mm 2 regions, respectively, for each YFP/NRP1/IB4-triple-labeled E11.5 hindbrain and then averaged to obtain a value for each hindbrain. For all experiments, we calculated the mean of 3 to 12 independent samples. Error bars represent the standard deviation of the mean. To determine whether two datasets were significantly different, we calculated the P value by performing a two-tailed unpaired Student's t-test; to compare more than two datasets, we additionally performed a one-way analysis of variance followed by Tukey's post-hoc test; a P value , .05 was considered significant. To determine whether the number of tip cells with a specific marker correlated with the number of vessel branchpoints, we determined the coefficient of determination, r 2 . All statistical analyses were performed with Prism 5 (GraphPad Software, La Jolla, CA).
Results
NRP1 is coexpressed by endothelial and nonendothelial cells during organ vascularization and is enriched in endothelial tip cells
Vessel growth in the embryonic central nervous system is severely compromised by loss of NRP1. 14, 17, 22 Using a NRP1 antibody validated to stain embryonic wild-type, but not Nrp1-null, hindbrains, 18 we found that NRP1 was coexpressed by endothelial cells and cells in their environment during the formation of the subventricular vascular plexus (SVP) that supplies the neural progenitor zone (Figure 1 ). Within the brain vascular endothelium, which is positive for isolectin B4 (IB4), 18 NRP1 was expressed by both stalk and tip cells ( Figure 1A ,A9,B,B9; wavy arrows and arrowheads, respectively). NRP1 was particularly prominent on tip cell filopodia, similar to VEGFR2 (Figure 1A,F; arrowheads) . In addition, NRP1 protein was expressed on the neural progenitors of the ventricular zone, which attract growing vessels into the brain (Figure 1A9 -C; note tip cell filopodia protruding into the neural progenitor layer, indicated by solid arrowheads in Figure 1C ). Finally, NRP1 was present on hindbrain tissue macrophages ( Figure 1D -E), which were recognized by co-labeling for IB4 and IBA1. 30, 31 We have previously reported that these cells promote the anastomosis of nascent vessel sprouts in the developing brain.
18
NRP1 expression in macrophages was higher at E11.5 ( Figure 1E ; solid arrow) than at E10.5, when some macrophages appeared poorly ramified and NRP1 negative ( Figure 1A ; solid arrow). At E11.5, NRP1 appeared enriched on the IBA1-positive macrophage processes that extended towards endothelial tip cells (Figure 1D9 -E; clear arrows). Together, these expression patterns are consistent with the possibility that NRP1 regulates brain angiogenesis by acting on endothelial VEGFR2 either homotypically or heterotypically ( Figure 1G ).
Reduced severity of vascular defects in Tie2-Cre-targeted Nrp1 mutants compared with full Nrp1 knockouts To clarify the contribution of endothelial versus nonendothelial NRP1 to brain angiogenesis, we compared vascular phenotypes in cell-typespecific Nrp1-null mutants, taking advantage of a previously published Nrp1 allele that can be inactivated by Cre/Lox recombination. 22 To delete NRP1 in endothelial cells, we used a Cre transgene driven by the promoter for the gene encoding the angiopoietin receptor TIE2 (Tie2-Cre), because this gene-targeting strategy was previously shown to cause vascular defects in the brain. 22 Because it was reported that Nrp1 targeting was more efficient with one conditional Nrp1-null allele on a heterozygous, constitutive Nrp1-null background (Nrp1 fl/-) than with two conditional Nrp1-null alleles (Nrp1 fl/fl ), 22 we also adopted this strategy to maximize possible phenotypes.
Immunohistochemistry for the endothelial marker PECAM showed a mild reduction in vessel branching in the subventricular zone of Tie2-Cre;Nrp1 fl/1 and Nrp1 fl/-heterozygous mutants compared with littermate Nrp1 fl/1 controls ( Figure 2A ,B and data not shown). As expected, branching was more severely perturbed in Tie2-Cre;Nrp1 fl/-mutants, which lack NRP1 expression in endothelial cells from both alleles ( Figure 2C ). Although vascular morphology in heterozygous hindbrains appeared grossly normal, except for a small reduction in vessel density, only few vessels had formed bridges in homozygous Tie2-Cre;Nrp1 fl/-mutants ( Figure 2C ; clear arrow); instead, many vessels terminated in blind-ended tufts ( Figure 2C ; clear arrowheads). Unexpectedly, the vascular defect of hindbrains from complete Nrp1-null embryos was more severe than that of Tie2-Cre;Nrp1 fl/-hindbrains;
thus, most vessels terminated in tufts, and the tufts were often larger in Nrp1 -/-hindbrains (compare vascular structures indicated with clear arrowheads in Figure 2C ,D). Moreover, neighboring vessels failed to interconnect in the subventricular zone of Nrp1 -/-hindbrains, and the few lateral connections that formed were located beneath the subventricular zone and therefore appeared out of focus in the wholemount view ( Figure 2D ; arrows). Quantitation of vascular branchpoints in the SVP confirmed a similar but small reduction in heterozygous Nrp1 fl/-and Tie2-Cre; To define the contribution of macrophage NRP1 to hindbrain angiogenesis, we could not take advantage of the Lysm Cre line previously used by others to study the function of myeloid genes, because this CRE allele fails to target tissue macrophages in the mouse embryo hindbrain. 18 We therefore expressed Cre under control of the promoter for the CSF1 receptor gene (Csf1r-iCre), a strategy previously shown to target monocyte-derived macrophages. 26 To confirm that Csf1r-iCre also deletes in the yolk sac-derived tissue macrophages during brain vascularization, we introduced this transgene into the floxed Rosa26
Yfp reporter knockin mouse, which produces yellow fluorescent protein (YFP) in cells expressing Cre recombinase. 29 Immunolabeling of hindbrains carrying the Csf1r-iCre transgene demonstrated efficient activation of Rosa26
Yfp in IB4-positive tissue macrophages at E10.5 and established that 98% of F4/ 80-and IB4-positive macrophages in the E11.5 hindbrain were YFPpositive ( Figure 3A -A999 and data not shown). Because NRP1 expression was low on macrophages at E10.5 and partially obscured by strong neural progenitor NRP1 expression at that stage (Figures 1  and 3 ), we used immunolabelling at E11.5 to determine the efficiency of NRP1 knockdown in tissue macrophages of Csf1r-iCre;Nrp1 fl/-hindbrains ( Figure 3B-C) . The quantitative analysis of immunolabeled hindbrains showed that 90% 6 5% of tissue macrophages normally expressed NRP1 in Nrp1 fl/-controls, whereas tissue macrophages expressing NRP1 at detectable levels could not be identified in Csf1riCre;Nrp1 fl/-hindbrains (n 5 3; Figure 3C9 ; asterisks).
Immunohistochemistry for PECAM at E12.5 showed that the brain vasculature had developed similarly in Csf1r-iCre-targeted Nrp1 These observations show that NRP1, despite being a good marker for the macrophages that promote vascular anastomosis, 18, 32 is not essential for the proangiogenic function of these cells during development.
NRP1 expression by neural progenitors is not essential for brain vascularization
To delete NRP1 in neural progenitors, we expressed CRE under the control of the nestin promoter (Figure 4 ). For these experiments, we used a transgenic mouse line that targets neural progenitors from E8.5 onward (Nes-Cre), 25 ie before the onset of brain vascularization at E9.5. 18 Immunolabeling of E10.5 hindbrains carrying the Nes-Cre transgene demonstrated efficient activation of Rosa26
Yfp in neural progenitors that expressed NRP1 (Figure 4A-A0) . Moreover, NRP1 was effectively knocked down in neural progenitors in Nes-Cre; Nrp1 fl/-mutants, demonstrating that Nes-Cre is a suitable tool to Tie2-Cre effectively ablates NRP1 in macrophages and endothelial stalk but not in tip cells
The experiments described here showed that NRP1 expression by nonendothelial cells is dispensable for hindbrain angiogenesis (Figures 3 and 4) . However, the Tie2-Cre-mediated endothelial knockdown of NRP1 did not recapitulate the severity of vascular defects in the full Nrp1 knockout (Figure 2 ). We therefore asked whether Tie2-Cre is a good tool to target the brain vasculature.
Immunolabeling of E11.25 hindbrains confirmed that neural progenitors retained NRP1 in Tie2-Cre-targeted Nrp1 mutants and their littermate controls lacking Tie2-Cre ( Figure 5 ). Unexpectedly, yolk sac-derived tissue macrophages lacked NRP1 expression in mutant hindbrains expressing Cre, even though they expressed NRP1 in control hindbrains lacking Cre (compare Figure 5A ,B with 5 C,D; arrows in Figure 5B ,B9 indicate IB4/NRP1-double-positive tissue macrophages in control hindbrains; asterisks in Figure 5D9 indicate the position of NRP1-negative tissue macrophages that are recognized by IB4 staining and indicated with clear arrows in Figure 5D ). Because the macrophage-selective deletion of Nrp1 does not impair brain angiogenesis (Figure 3) , the vascular phenotype of Tie2-Cre-targeted Nrp1 mutants could not be attributed to NRP1 function in tissue macrophages.
We therefore examined next the deletion of NRP1 within the vascular endothelium. Surprisingly, the Tie2-Cre-mediated knockdown of NRP1 in endothelium was incomplete, with mutants containing NRP1-positive, filopodia-studded tip cells at the front of vessel sprouts (compare Figure 5A ,B with 5C,D; solid arrowheads indicate examples of tip cells in Figure 5 B-B9 and 5D-D9). Yet, intervening vessel segments, composed of stalk cells, appeared NRP1 negative, as expected ( Figure 5D ; curved arrows). The presence of a small number of NRP1-positive tip cells leading new vessel sprouts suggested that Tie2-Cre-mediated targeting had spared NRP1 in a subset of endothelial cells.
Two alternative hypotheses may explain why tip cells were spared from NRP1 loss in Tie2-Cre;Nrp1 fl/-mutants. One possibility is that Tie2-Cre targets stalk, but not tip cells. The alternative possibility is that a subset of recombination-resistant endothelial cells preferentially assumes a tip rather than stalk cell position, because NRP1 confers a selective advantage to cells competing for the tip cell position. To distinguish these possibilities, we next studied hindbrains carrying the Rosa26 Yfp reporter. The finding that Tie2-Cre is not selective for tip or stalk cells agrees with previous studies in the retina and embryoid bodies, which demonstrated that tip and stalk cells are not a lineagespecified subtype of endothelial cells. 7 Instead, a proportion of endothelial cells is temporarily and dynamically singled out from the endothelial cell population after exposure to VEGF-A gradients and upregulation of DLL4 to serve as tip cells that guide vessel sprouting. 5, 6, 33 Because tip cells are not a different lineage than stalk cells, and Tie2-Cre can in principle recombine in both cell populations, the NRP1-positive tip cells in Tie2-Cre;Nrp1 fl/-mutants have therefore more likely arisen from endothelial cells that did not undergo recombination for unknown reasons and, because of their retention of NRP1 expression, adopted the leading position in vessel sprouts. To validate our findings in an alternative approach to Tie2-Cre targeting, we used a tamoxifen-inducible Cre transgene under the control of the endothelial Pdgfb promoter to ablate Nrp1 in endothelial cells (Pdgfb-iCreER-Egfp). 27 Pdgfb is expressed at high levels in endothelial tip cells in the angiogenic retina, 6, 27 and PdgfbiCreER-Egfp is therefore particularly well suited to target these cells. 27 To confirm that this transgene is also active in endothelium during hindbrain angiogenesis, we monitored the expression of eGFP, which is constitutively expressed from this transgene independently of tamoxifen-mediated CRE activation. 27 This analysis confirmed that Pdgfb-iCreER-Egfp is suitable to target endothelial cells, but not tissue macrophages, in the developing hindbrain (supplemental Figure 3B-B9 ; arrows indicate macrophages that express NRP1 and IB4, but not GFP). In contrast to Tie2-Cre, Pdgfb-iCreER-Egfp therefore permits selective targeting of endothelial cells during brain angiogenesis.
Endothelial cells resisting
Forty-eight hours after tamoxifen administration, vascular network complexity was reduced in Pdgfb-iCreER-Egfp;Nrp1 injection at E9.5, analysis at E11.5). This result again verified the endothelial requirement for NRP1 during hindbrain angiogenesis. However, as observed with Tie2-Cre, Pdgfb-iCreER-Egfp-mediated targeting of Nrp1 was incomplete, and the hindbrain endothelium was therefore mosaic with respect to NRP1 expression. Also similar to Tie2-Cre-mediated Nrp1 targeting, endothelial cells that had undergone CRE-mediated recombination in Pdgfb-iCreEREgfp;Nrp1 fl/fl mutant hindbrains were preferentially seen in stalk cell positions, whereas NRP1-retaining endothelial cells were predominantly found at the tip of vessel sprouts (curved arrows and arrowheads, respectively, in supplemental Figure 3B-B0) . Thus, although Pdgfb-iCreER-Egfp targets endothelial tip cells, 27 nontargeted endothelial cells that retained NRP1 expression had shuffled to tip cell positions 48 hours after tamoxifen administration. These observations are consistent with the previously reported dynamic competition of endothelial cells for the tip cell position in growing vessel sprouts. 7 Finally, we performed mosaic deletion of Nrp1 in endothelial cells with another tamoxifen-inducible transgene that expresses Cre under the control of the VE-cadherin promoter (Cdh5-CreER). 28 The Rosa26
Yfp reporter showed that gene targeting was less efficient with this transgene than with Tie2-Cre or Pdgfb-iCreER-Egfp (eg, compare supplemental Figure 3B with supplemental Figure 4A,B) . Nevertheless, we could detect YFP expression in both tip and stalk cells in control hindbrains (supplemental Figure 4A) , whereas YFPpositive endothelial cells with low NRP1 levels remained in the stalk cell region in Cdh5-CreER;Nrp1 fl/fl mutants (supplemental Figure 4B ). Taken together, gene targeting with constitutively active or tamoxifen-inducible endothelial Cre recombinase led to different degrees of mosaic NRP1 expression in the hindbrain endothelium, but in all cases, NRP1-retaining endothelial cells preferentially attained the tip cell position in vessel sprouts composed of NRP1-positive and NRP1-negative cells ( Figure 7H ).
Discussion
In addition to being prominent on vascular endothelial cells, NRP1 is expressed by tumor cells in adults and a wide range of cell types during development (eg, neurons, neural crest cells, macrophages). 10, 14, 18, [34] [35] [36] We have shown here that NRP1 expression by neural progenitors and macrophages is not required for brain angiogenesis, even though these cell types interact with angiogenic endothelium and can therefore present NRP1 in trans (Figures 1, 3 , and 4). It is therefore likely that the ability of NRP1 to interact heterotypically with VEGFR2 in tissue culture models 9 and homophilically in biochemical assays 37 is not important for physiological angiogenesis, at least during brain vascular development. It remains to be investigated whether such interactions contribute to macrophagevessel or tumor-vessel interactions in adults. We have targeted endothelial cells with the Tie2-Cre transgene, which has been used to investigate the role of various angiogenesisrelated genes in the vasculature. However, this Cre transgene is also active in the bone marrow-derived hematopoietic lineage, 38 and adoptive transfer with wild-type bone marrow was therefore used in a tumor angiogenesis study to distinguish the role of HIF1A in monocytes and endothelium after Tie2-Cre targeting. 39 Unexpectedly, we observed that Tie2-Cre also recombined floxed genes in tissue macrophages of the embryonic brain, which do not develop from bone marrow-derived hematopoietic cells or their embryonic equivalents, but instead differentiate in the yolk sac from hematopoietic progenitors without a monocyte intermediate. 40, 41 The remarkable efficiency with which Tie2-Cre targeted floxed genes in tissue macrophages may be because of TIE2 expression in their yolk sac progenitor, but it also agrees with the finding that differentiated tissue macrophages can themselves express TIE2 (supplemental Figure 1) . 18 Accordingly, Tie2-Cre-mediated targeting can establish the endothelial requirement of a gene under investigation only if that gene is not expressed in yolk sac-derived or bone marrow-derived myeloid cells. Should the gene be expressed by both macrophages and endothelial cells, Tie2-Cre targeting should be complemented by bone marrow reconstitution for adult studies 39 or a second, macrophage-or endothelial-specific Cre-targeting approach to exclude a myeloid cell contribution to angiogenesis and establish a cell-autonomous endothelial function for the gene under investigation. Because the macrophage-restricted targeting of Nrp1 did not result in any vascular phenotype (Figure 3) , we conclude that the vascular abnormalities observed in Tie2-Cre;Nrp1 fl/-mutants reflect an essential role for NRP1 in endothelial cells. In agreement, Nrp1 targeting with an alternative endothelial Cre transgene that is not active in tissue macrophages confirmed an exclusively endothelial role for NRP1 in hindbrain angiogenesis (supplemental Figure 3) . Previously, the conditional ablation of Nrp1 expression with Tie2-Cre was reported to cause vessel defects similar to those of complete Nrp1-null mutants. 22 We have confirmed this observation but demonstrated that vascular defects were far less severe than those of full knockouts (Figure 2) . The reduced severity of the conditional mutants was not a result of compensation by NRP1-expressing macrophages or neural progenitors in the vascular environment, but was explained by inefficient Cre-Lox recombination in some endothelial cells. Thus, endothelial cells spared from recombination retained NRP1 and preferentially acquired the tip-cell position in angiogenic sprouts to partially restore tissue vascularization ( Figures  5 and 6, supplemental Figure 3 ). We therefore extend the current model of angiogenesis by identifying NRP1 as an important gene promoting tip cell function. Furthermore, deletion of Nrp1 from endothelial cells did not alter the overall number of endothelial cells in the embryo (Figure 7 ), in agreement with a previous report showing that NRP1 does not control endothelial cell proliferation, 16 a prominent feature of stalk cells. 6 Because our data suggest that NRP1 expression in stalk cells is not essential for vessel sprouting or endothelial proliferation, stalk-cell expression may instead be indicative of later roles for NRP1 in endothelial survival, vascular maturation, or barrier maintenance. [42] [43] [44] In our genetic analysis, a small proportion of endothelial cells consistently escaped Tie2-Cre-or Pdgfb-iCreER-Egfp-mediated recombination ( Figures 6 and 7, supplemental Figure 3 ). Because the Rosa26
Yfp reporter and eGFP expression demonstrated targeting of both tip and stalk cells in control hindbrains, the phenotype of these Nrp1 mutants is not likely caused by differential CRE activity in tip versus stalk cells. Instead, the inefficient targeting of floxed alleles in a small proportion of endothelial cells gave rise to mosaic endothelium in vivo, with individual endothelial cells succeeding in the competition for the tip cell position if they retained NRP1 expression. Thus, incomplete CRE recombination in endothelial cells provided in vivo data comparable with those derived from in vitro experiments with chimeric embryoid bodies, in which lineage-marked wild-type versus Vegfr2 haploinsufficient embryonic stem cells were differentiated into endothelial cells, and the wild-type cells with higher VEGFR2 levels had a selective advantage in becoming tip cells.
7
NRP1 and VEGFR2 are therefore both important for the endothelial tip-cell phenotype, consistent with their ability to form complexes in vitro 8 and their localization to tip-cell filopodia (Figure 1 ). In conclusion, our analysis of cell-type-specific Nrp1 mouse mutants demonstrated a cell-autonomous role for NRP1 in endothelial tip cells to promote angiogenic vessel sprouting. Future work will need to determine the precise cellular function of NRP1 in tip cells. Thus, previous tissue culture studies suggested that endothelial NRP1 can promote VEGFR2 signaling, 8, 9 VEGFR2 endocytosis, 45, 46 VEGFR2 signal output, 47 but also VEGFR2-independent VEGF-A signaling, 43 integrin-mediated fibronectin assembly 48 and matrix adhesion. 49 However, which of these pathways involve NRP1 specifically during endothelial tip cell guidance and migration remains to be determined.
